There are two active faults, i.e., the Chinshan and Shangjiao faults in the Taipei 
IntroductIon
Taiwan is situated in the collision boundary between the Philippine Sea and Eurasian plates (Tsai et al. 1977; Wu 1978; Lin 2002 ). The former is moving northwestward with a speed of 8.2 cm yr -1 (Yu et al. 1997 ) and colliding with the latter. The Philippine Sea plate subducts northern Taiwan. Northern Taiwan is the region where the Taipei Metropolitan Area (TMA) is located. This collision causes a high degree of seismicity in the Taiwan region (Wang 1998) . The TMA, including the City of Taipei and several satellite cities, is the political, economic, and cultural center of Taiwan. The greater Taipei region has a population of more than 4 million and rising. There are a large number of high-rise buildings, where many people live and/or work daily and in recent years a modern rapid transportation system has been constructed. In addition, two nuclear power plants located in the vicinity have been in operation since 1971. Consequently, the TMA must be the subject of much attention in terms of seismic risk mitigation.
There are several faults in the TMA (see Fig. 1 ). Those faults are quite important in terms of seismic hazard assessment in the TMA. Amongst these faults, two active faults, i.e., the Chinshan and Shangjiao faults, have long been assumed to be related to a large earthquake that resulted in the so-called Kangshi Taipei Lake. This event occurred in the Emperor Kangshi period of the Chin Dynasty in 1694 (Lin 1957; Hsu 1983b; Shieh 2000) . Note the Shangjiao fault is also called the Sanchiao fault by some authors. In order to form an earthquake-induced lake, the average vertical displacement of the event would have needed to have been several meters. In order to explore this problem, two questions must first be answered. The first is to how large the largest earthquake to occur independently on either the Chinshan or Shangjiao fault could be. And the second is to whether the two faults could fail simultaneously, if they have different faulting mechanisms. In order to answer the second question, stress re-distribution on a fault caused by the failure of the other must be evaluated. This question will be studied in a separate article. Shyu et al. (2005) studied the first question. They estimated the magnitudes of potential earthquakes, which would rupture 20 recognized active faults in and surrounding Taiwan by using the relationships of moment magnitude versus fault area inferred by Wells and Coppersmith (1994) . Their estimated value for a potential earthquake rupturing the Chinshan-Shangjiao fault system, with a total length of 45 km and a fault width of 15 km, is 6.9. The fault width
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used by them might be over-estimated, because the geotemperature below the two faults, especially for the Chinshan fault, is high as mentioned below. In this study, an attempt is made to answer the first question from evaluations of the moment magnitude, maximum displacement, and average displacement of a potential earthquake that would rupture the Shangjiao fault, the Chinshan fault, or the Chinshan-Shangjiao fault system using the relationships between source parameters in terms of the surface fault (rupture) length inferred by Wells and Coppersmith (1994) . The calculated results will be discussed in depth. Figure 1 shows the geology of the TMA, situated in the Taipei Basin surrounded by the Tatun Volcano Group (TVG), Linkou Tableland, and the Western Foothills. The Taipei Basin, which lies on the Tertiary basement, is filled with Quaternary sediments (Wang-Lee and Lin 1987; Chang et al. 1998) . The Quaternary sediments are composed of three formations, the Sungshan formation, the Chingmei formation, and the Hsinchuang formation from top to bottom. Teng et al. (1994 Teng et al. ( , 1999 further divided the Hsinchuang formation into the Wuku formation and Panchiou formation. The topmost part of the Sungshan formation is a soft layer, composed of unconsolidated sand, silt and clay with a thickness varying from 50 m in the southeastern part to 120 m in northwestern part. The Hsinchuang formation is composed of sand and silt. The lower part of the formation is dominated by silt. The Chingmei formation is full of gravel.
thE tAIPEI MEtroPolItAn ArEA
From the Pliocene to the Pleistocene, three main reverse faults have developed along the western boundary of the Western Foothills in this area. From NW to SE, the three faults are: the Hsinchuang fault, the Kanchiao fault, and the Taipei fault, all trending in the NE-SW direction. During this time period, the Linkou area was a delta fan at the foothills of the faults, where conglomerates were widely deposited. About 0.8 m.y. ago (cf. Teng 1996; Wang et al. 1999) , the tectonic condition in northern Taiwan changed from compression to tension, which resulted in the formation of the TVG and normal faults. A segment of the Hsinchung fault (Wu 1965) re-activated as a normal fault. This segment is called the Shangjiao fault. This tension-type tectonics led to a pull-apart mechanism, which made the Taipei Basin subside (cf. Lee 1996; Lee et al. 1999) . Thus, the deepest portion of the basin is along the NW border. This results in a half-bowl-shape basin, with the cut boundary right along the Shangjiao fault.
The basement is shallower than 250 m in the south and deeper than 500 m in the north. This might be caused by the formation of the Shangjiao fault. Bonilla (1977) proposed that the Shangjiao fault is quite young and moved in the near past. This means that this fault could be active in the future. The old Kanchiao fault uplifted in the basement, thus forming a geological boundary separating the basin into two parts, with different basement depths and deposits (cf. Lee 1996; Lee et al. 1999) .
In order to study the slip rates of active faults in the TMA, a GPS array has been deployed in the area since 1992 (Yu 2000) . During 1992 -2000, small extension rates of 0.12 -0.15 μstrain yr -1 in the directions of azimuth = 270° -288° in the vicinity of the Chinshan and Shangjiao faults were recorded. In northern Taiwan, the average principal strain rates are: an extension rate of 0.09 μstrain yr -1 along the direction of azimuth = 289°, and a shortening rate of 0.05 μstrain yr -1 along the direction of azimuth = 19°. In addition, no significant vertical movement on the Shangjiao fault and significant slip across the Chinshan fault were detected. Yang and Chen (1989) applied the transient electricmagnetic (TEM) method to locate the Chinshan fault. They assumed that this fault could be still active, because of the presence of a fault within strata of Quaternary age. From the Bouguer anomaly profiles, Chen and Yeh (1991) and Chen et al. (1995) stated that the Chinshan fault is a thrust fault with a dipping angle of 55° -60°. Chan et al. (2005a, b) constructed a digital elevation map (DEM) by using LI-DAR. They recognized numerous normal faults in the TVG. These normal faults cut through lava flats with a few to sev- eral meters of offset, suggesting recent activity of the faults. They also assumed that one of the normal faults could be the northeasterly extension of the Shangjiao fault. Its surface trace is parallel and southeast to the Chinshan fault. The two faults merge together at a depth of about 300 m. From the data obtained from a micro-earthquake survey in the Taipei Basin during the period 17 June to 20 September 2004 stated that seismicity on and around the Shangjiao fault was very low. From re-located earthquakes occurring underneath northern Taiwan during 1973 to 2003, Kim et al. (2005) reported a cluster of events below the Chinshan fault, and also stressed that clustered seismcity trends with inconsistent dipping directions are manifest, and, in particular, a dominant linear southeast dipping seismicity trend is readily identifiable. Their results show that the majority of focal mechanisms of earthquakes in the TVG exhibit normal faulting.
Although seismicity is low in the TMA, numerous earthquakes still occur near or in this area (Hsu 1961; Hsu 1983b; Wang 1998) . The occurrence times, locations, magnitudes, and effects of a few M > 5 earthquakes, which occurred in or near the area and caused destruction in the TMA, are given in Table 1 . Errors in the magnitudes of earthquakes that occurred before 1900 are high. The 1694 event, which occurred in the Emperor Kangshi period of Chin Dynasty, was quantified to be 6.5 by Wu (1978) and 7 by Hsu (1983b) . This event has long been assumed to have resulted in an earthquake-induced lake, i.e., the Kangshi Taipei Lake, and the destruction of aboriginal houses (Lin 1957; Hsu 1983a) . Shyu et al. (2005) assumed the possibility of the lake being formed by the 1694 event. On the other hand, Lee et al. (1999) and Lin (2001) disagreed on the connection between the formation of the Kangshi Taipei Lake and the failure of the Shangjiao fault.
thE PotEntIAl EvEntS
In order to evaluate the magnitudes of potential earthquakes, which would rupture the Shangjiao and Chinshan faults, it is necessary to understand the seismogenic environments of the area. Wang (1988) calculated the b-values of the whole of Taiwan Island. He stated that the b-value is higher in northern Taiwan than in the remaining areas. This might be due to higher geo-temperature in northern Taiwan caused by past volcanic activities. Except for the earthquakes in the Wadati-Benioff subduction zone, the events occurring in northern Taiwan are usually shallow (Wang et al. , 2006 Ma et al. 1996) . Figure 2 Kim et al. (2005) show that there was only one microearthquake, which occurred near the Shangjiao fault, and the focal depths of events below the Chinshan fault are mainly smaller than 10 km, with the majority less than 5 km. The depth profile of M < 2.8 microearthquakes recorded by a local temporary array between October 2003 and February 2005 by Konstantinou et al. (2007) displays all events having a focal depth less than 6 km. All results suggest that the seismogenic zone (Scholz 1990 ) beneath the TVG has a thickness < 10 km and is thinner than its neighbors. Therefore, Shyu et al. (2005) over-estimated the fault width (= 15 km) of the whole Chinshan-Shangjiao fault system. Since the fault width cannot be precisely determined due to incomplete information, the earthquake magnitude will be evaluated only on the basis of fault length in this study. Wang and Ou (1998) stressed that the main factor in controlling the displacement is the fault length rather than the fault width. Hence, Eqs. (1) The Chinshan fault has been long assumed to be a thrust fault. Since ~2.8 Ma ago, northern Taiwan has been changed from compression to extension (cf. Teng 1996; Wang et al. 1999 ). This suggests a low possibility of the occurrence of thrust faulting along the Chinshan fault. Huang (2003) assumed the Shangjiao fault extends northeastward to the Chinshan area. Lee (1993) assumed that the Chinshan fault has shown normal faulting since late Pleistocence. Chan et al. (2005) constructed a digital elevation map (DEM) using LIDAR. Their results show the existence of a normal fault system in the TVG. These normal faults cut through lava flats with a few to several meters of offset, thus suggesting recent activity along the faults. Therefore, in the case that the Chinshan fault is still a thrust fault, it should have been inactive since ~2.8 Ma ago and, thus, can be classified as an inactive fault. On the other hand, in the case that this fault could be active in the future, it should behave like a normal fault, because the regional tectonic environment has changed. Hence, the moment magnitude of this fault will be evaluated by assuming that it is a normal fault. For the purposes of comparison, the moment magnitude relating to a thrust-type Chinshan fault will also be estimated.
For global earthquakes, Wells and Coppersmith (1994) The Moment Magnitude (M):
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The Maximum Displacement (D max ): 
The surface lengths of the Shangjiao fault, Chinshan fault, and Chinshan-Shangjiao fault system are, respectively, 20, 25, and 45 km (Shyu et al. 2005 ). As mentioned above, the Shangjiao fault is normal faulting, while the Chinshan fault could be either thrust or normal faulting. Hence, there are two scenarios for the Chinshan fault: Case 1 for normal faulting and Case 2 for thrust faulting. The calculated results are shown below:
(A) For the Shangjiao Fault
From Eq. (1), the moment magnitude is 5.9 E M E 7.3, with an optimum value of 6.6. From Eq. (2), the maximum displacement is 0.11 m E D max E 8.71 m, with an optimum value of 0.97 m. From Eq. (3), the average displacement is 0.02 m E D ave E 9.57 m, with an optimum value of 0.42 m.
(b) For the chinshan Fault

Case 1 for normal faulting:
From Eq. (1), the moment magnitude is 6.0 E M E 7.4, with an optimum value of 6.7. From Eq. (2), the maximum displacement is 0.14 m E D max E 13.19 m, with an optimum value of 1.35 m. From Eq. (3), the average dis- 
Case 2 for thrust faulting:
From Eq. (4), the moment magnitude is 6.3 E M E 7.2, with an optimum value of 6.7. From Eq. (5), the maximum displacement is 0.31 m E D max E 6.44 m, with an optimum value of 1.40 m. From Eq. (6), the average displacement is 0.12 m E D ave E 3.99 m, with an optimum value of 0.68 m.
(c) For the chinshan-Shangjiao Fault System
Case 1 for a normal Chinshan fault:
As mentioned above, Chan et al. (2005a, b) assumed the possible northeasterly extension of Shangjiao fault. Hence, a normal fault to include the two faults could be ruptured in the future and, thus, must also be taken into account. This fault is essentially similar to that shown in Shyu et al. (2005) . Although the parts of the two faults below 300 m might merge together, the Chinshan-Shangjiao fault system rather than the Chinshan or Shangjiao fault is used to represent the whole fault system hereafter. Since the two faults have the same faulting type, the total length is just the sum of the individual fault lengths. This leads to L = 45 km. From Eq. (1), the moment magnitude is 6.3 E M E 7.8, with an optimum value of 7.0. From Eq. (2), the maximum displacement is 0.27 m E D max E 39.35 m, with an optimum value of 3.28 m. From Eq. (3), the average displacement is 0.03 m E D ave E 38.91 m, with an optimum value of 1.15 m.
Case 2 for a thrust Chinshan fault:
Since the faulting types of the two faults are different, it is better to calculate the value of M of the fault system from the sum of seismic radiation energies generated by the two faults than directly from the mean of the magnitudes. The seismic radiation energy, E s , relates to the surface-wave magnitude in the Gutenberg-Richter's energy-magnitude law (Gutenberg and Richter 1956 ):
This formula also holds for the moment magnitude. From Eq. (7), the value of E s of the Chinshan-Shangjiao fault system is 0.196 × 10 22 erg E E s E 8.247 × 10 22 erg, with the optimum value of 1.200 × 10 22 erg. Hence, the moment magnitude of the fault system is 6.3 E M E 7.4, with an optimum value of 6.9. The maximum displacement can be the extreme values of the two faults, i.e., 0.11 m E D max E 8.71 m, with an optimum value of 0.97 m. The average displacement is the mean of the individual average values of the two faults, i.e., 0.07 m E D ave E 6.78 m, with an optimum value of 0.55 m.
The ranges and optimum values of moment magnitude, maximum displacement, and average displacement for the Shangjiao fault, Chinshan fault, and the Chinshan-Shangjiao fault system are displayed in Table 2 . Table 2 shows that the upper-bound moment magnitudes for all cases are larger than 7. However, this value might be over-estimated due to large standard deviations of Eqs. (1) and (4). This can also be seen from the inconsistence of evaluated values of D max and D ave . In general, the average displacement must be smaller than the maximum displacement. Now, the upper bound of D ave is larger than that of D max for all cases. This is unreasonable and might be due to low reliability for the upper bounds of the two parameters. From Table 1 in Wells and Coppersmith (1994) , for 15 2 L ! = km the moment magnitude ranges from 6.3 -7.28 for six normal-faulting earthquakes and 6.9 for one thrust-faulting event. There are two events with M ≥ 7: The first one is the 3 January 1915 Avezzano, Italy, earthquake with M = 7.0 for L = 20 km and the other the 10 November 1946 Ancash, Peru, earthquake with M = 7.28 for L = 21 km. However, the subsurface fault lengths inferred from seismic and geodetic data are 24 and 28 km, respectively, for the former and the latter. This means that the real rupture length is longer than the observed surface rupture length or surface rupture was not completely observed in field surveys. The length of the Shangjiao fault is well determined, because its two ends are quite clear. Hence, the moment magnitude of a potential earthquake rupturing this fault should be smaller than 7. There is only one thrust-faulting earthquake with 6.9 for L = 22 km in Wells and Coppersmith (1994) . Although a further comparison cannot be made, there is not any inconsistency between this study and theirs. For L 5 2 2 ! = km, the moment magnitude ranges from 6.6 -6.8 for three thrustfaulting earthquakes and 7.6 for one normal-faulting event in Wells and Coppersmith (1994) . For thrust faulting, it is appropriate to take 6.7 to be the moment magnitude for the Chinshan fault. The normal-faulting event listed in Wells and Coppersmith (1994) is the 8 November 1959 Hebgen Lake, USA, earthquake with M = 7.6 for L = 26.5 km. However, its subsurface fault length inferred from seismic data is 45 km. Although the surface rupture length of the Chinshan fault cannot be well determined, the value of L = 25 km seems to be an acceptable upper bound. Hence, the moment magnitude of a potential earthquake rupturing this fault should be smaller than 7. Since there is no normal-faulting event with L 5 2 4 ! = km in Wells and Coppersmith (1994) , a further comparison cannot be made. In addition, the number of data with L > 40 km is small in their data set. Hence, uncertainty should be higher for longer faults than for shorter ones.
dIScuSSIon
From the above discussion, we may conclude that the moment magnitude of the potential earthquake rupturing only either the Shangjiao fault or the Chinshan fault is smaller than 7 and can be up to 7 when the two faults break simultaneously. Comparison of evaluated values in this study and the observed ones in Wells and Coppersmith (1994) For the Chinshan-Shangjiao fault system, M, D max , and D ave are all greater for a thrust Shangjiao fault than a normal one. Meanwhile, the value of M for this fault system is only slightly larger than that estimated by Shyu et al. (2005) .
The southern end of the Chinshan fault touches the Taipei Basin. At the two ends of a fault the displacements are usually small (cf. Scholz 1990) . Hence, the Kangshi Taipei Lake might not be induced by rupture of the Chinshan fault. On the other hand, the upper bound of D max for the Shangjiao fault is only 0.97 m. This does not seem able to cause an observable lake, because the depth, with a maximum value of 0.97 m on the fault, of subsidence of the ground surface decreases with the distance from the surface trace of the fault. If the Chinshan-Shangjiao fault system, with a normal Chinshan fault, breaks, it would be possible to produce a small-scaled, shallow pond, because of D ave = 1.15 m and D max = 3.28 m. However, since the Chinshan fault was not active in the past 2.8 Ma as mentioned above, the possibility of forming the Kangshi Taipei Lake by the 1694 event is very low.
SuMMAry
The possible values for the moment magnitude (M), maximum displacement (D max ), and average displacement (D ave ) for the Shangjiao fault, the Chinshan fault, and the Chinshan-Shangjiao fault system are evaluated from the relationships of the three parameters in terms of fault length (Wells and Coppersmith 1994) The moment magnitude is smaller than 7.0 when the two faults break individually and can be up to 7.0 when they fail simultaneously. Since the optimum values of average displacement for all cases in consideration are less than 1.2 m, it does not seem possible to produce an earthquake-induced lake, like the Kangshi Taipei Lake.
